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11 architecture i= both a sot of
obprtives ordered o achieve
an overall capability and the

secjueniial series of missions Ginchid-
ing specific technical activities) to
"""E:']"""'"""t thaosis |,r|_1]|_'|;|;;| wirs, b
seqquent sections of this chapter dis-
cuss the considerations and con-
straints affecting all architechunes, the
common edements scross Lhe archibec-
hures and the feur archibectures

Commonality of Architectures

Although the architectures presented
here differ, there ane common aspects
that relate to mission sizing, launch
opportunities, duration and surface
actvities, The dakes '|-l1'||1"i|h~|_| e st
mabes. hased upon the optimum launch
opportunitics for Mars, The dates are
moticnal and depend upon available
resourees and technological develop-
ment] The target vear for the first land-
ing of humans on Mars, 2004, is
common ta all architechores, Cxorpt
Archibefure IV, Arnchitecture IV has a
first fanedimg, im0 2016, The vear 2014 &
chosen conservatively to allow for
.1:'4';'-m'|-h'|'ih'|'|'in!{ the: necessary systom
demonstrabions and preparations on
the: Moon prior to attempling the chal-
lenging Mars mission. This also coin
cides with the opeming of a 15-year syn-
odic period of optimum low energy
Earth-to-Mars missions, Missions to
Mars ane E'il'l‘-\.‘il.]"rl-l" o 2eermomth inter
vals, Recognizing there can be pro-
gram delays, the President’s goal of a
landing by 2019 is still possible with
alternate Mars opportunities in 2006
and 218, The .\."f_lr‘ﬁl_h.]lq' windinw starts
b marrow b 2020, Although some
flexibility is possible with the dirtes for
lunar activities, they are selected in
otder i acoomplish achvibies spoaficd
by individusal archibectures, and o prop-
1":|'|'l.- oortfv -e"q'|u|]_'lr'r'|.t"r'||: angd |:'r|1:|:'-|'q;]|.|1'|,-~.
F.‘lt' the "'.-'l.ir‘\. PrsAm m prepamahon for
e mitaal lavneh dake

All Mars architechunes ane designied
for a 30 o 100 day stay for the first
mission and an appn wcirmabe GO cdav
slay fi h11|:l=\.-|_-c.|1n,=||| TASEIE, T]1]:-

leads to total mission durations of
approximately 500 and 1,000 days
respectively, It is assumed thal after
the first human Mars mission, coupled
with the experience gained on the
Maowon, confidence in systems and
human capabilities will allow for
longer duration missions. A crew of
s wins selected for both the Moon and
Mars missions to achieve maximum
commenality [or equipment, crew
tasks and proceduns. For the first o
pilotesd missions to the Moo, ote crew
member remains in orbit o perform
indlight experiments and to monitor the
arbiting viehicle while the other five
descend to the surface. Al six go to the
lunar surtace after suffickent confidence
is gained that the orbiting vehicle
remains inoan acceptable status while
unattended. At Mars, all crew mem-
ers descend to the surface for every
miis=ion, as the reliability of the unat-
tended vehicle has been verified
around the Moorn. This reduces the
hazands assocdated with space radia-
tion and prolonged time periods in
FoeTo gravity,

Archibectural activities are de-
scribed in terms of Initial Operational
Capability and Mext Operational
Capability on both the Moon and
Mars. These concepts are used for
three reasons: to provide a point at
which accomplishments to date can
be meaningfully evaluated; te pro-
vide decision points at which a given
proEram can be continued, n'n'lu'ed.
or stopped; and to let each mission
contribute to the capability required
to mwet the next operating level in the
sequence, After the lunar Initial
Clperational Capability in all architec-
fures, a decision can be made o con-
duct the prepamation-for-Mars Iunar
missiom and then procced directly o the
My mizs=aon. -

Diversity of Archilectures

Architectures diescribed offer diverse
approaches, emphases and program
scope and scale for the Space
Exploration Initiative. From a the-



makic aspect, ditterent architectures
vary as to the degree of human pres-
ence in space, the level to which
exploration and science are pursued,
the extent ko which space resources
are developed, and the relative
emphasis between lunar and Martian
activity, Regardless of the primary
emphasis of a given archibecture, the
other two emphases are always
mcluded, as showen bedos,

lmmwe e fumar orbit (o prepan: for
Martian missions varies from a odal
of 120 to 460 days, depending on the
architecture, Although the 1200 day
shay bme does nol exactly duplbicats:
the Mars transit time, it s felt that this
timar could be estrapolated with a
high degroe of confidence,

The wse of the Mars trapsfer vehi-
cle, in conjunction with a surface
emplacement on the Moon, would
allow mission-critical studics mio the
physiological effects of the factional
Earth-normial gravitabion exposunes
following extended rero gravity
stays, This objective can be accom-
plished with a high degree of opera-
tional fidelity om the Moon, and the
ready access Lo zero gravily or Irac-
tional gravity would permit a rapad
pecumulation of data, Simulations of
Mars gravity on the lunar surface,
using a weighted spaceswit, wonld
allow refinement of gravity-response
curves,

The Mars transfer vehicle would
have a number of olther key missions
in addition to life scence activities,
including simulations of Mars mis-
stons, complete with exoursions o the
Martian {lunar) surface and refurn,
the use of an orbital platform for
linar or astromomical observations,
anad az a test bed for other essenbal
Mars transfer vehicle subsyelem
divelopment,

L:'.:_1m.i|;h=r|ng the throe different
areas of emphasts and the variations
in lunar and Mars activity, four anchi
tesctures have been defined, The Mars
Exploration archibecture places an
emphasis on Mars rather than on the
M. Only activities absodutely mec-

essary o prepare for the Mars mas-
sion are planned for the Moon.
However, this still allows for mean
'ingﬁﬂ lumar scientific return as a
byproduct. The sevond archibechure,
Sctence Emphiasiz for the Moon ﬁr.rld
Muars, explores both the Moon and
Mars and wses the Moon as an
observing platform with an mbegrat-
ed strategy of robolic and human
rmassaoaes, | e thaird archrbecture. The
Mo #o Stay amd Mars Exploration,
emphasizes human presence on L
Mooa, with smaller orews engaged in
exploration and sciemce at Mars, This
architechure is desipned fo establish a
permanent presence for humanity on
the Maoon sa that significant explo-
rabion and observation can be accom-
plished. The fourth architecture,
bpnm'. Resonrce L zation, empha-
size=s the :h-u-]npmrnr of lunar
resourees o provide energy for Earth
and the uction of propellants o
be used for lunar bunch and surface
operations, and pofentially for Mars,

I siorman K. Augusiine, Chairman of the
Achvi=ary ol on e Fubare of the LS
Space Frogram, addressed the Synthesis
g, Wihen sk whab wos mwoord by - II:'.I.

as-you-pay” in the reporl, he answered Ltha
“I'he Lypvace |':|_'«||_||’l|u,:¢'| Infiiaiive shoahd bk
programmed o prooeed at a scheduale cneesis
fend wikh avanlable fundmyg amd Bhe estabhish-
went of a selid technology wederpinning
Whaen thsere are problens in 1Fe poogram. s
there willl always be, the schedule should be
'\-||i|:-|1+l|.| rathsr tham 1.-|Li1||.l. mwaniey Froem odher
smaller programs such as the rsearch prie
Eram.”

Space Exploration Initiative
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¢ Space Exploration Initiative

I architectures are based on the
priorities of safety, cost, perfor-
mance and schedule. This differs
from the Apollo program priorities of
safety, schedule, performance and
cost, These priorities and the lessons
learned from previous experience
establish a philosophical baseline of
specific concepts and ideas that are
commicn to all Initiative architechures.,

Crew Safety

Criew sateby is the prime considera-
tion for human spaceflight opera-
tions, Missions '.'.Ei.h include both
long duration flight and planctary
surhace stays roquire system designs
and operations concepts thal main-
tain crew health and safety. Due to
the communications delay on a mis-
sion to Mars, the crew will need to
}JL‘IM.E' independently for critical
nases. Mars missions require redun-
:lrl-r\" in system design and abort
Ciptions. l’n:l-]:lujslm1 systems, landers
and habitat modules require reliable
angd redundant desien to reduce vl
nerability to failure.

Taklr 1
Fhase Abart Principles
Errouie Fiechuce: Vidrerstwlity to Faite by System Relabilly and Recurdancy
Moo Prowida Trans-Earh Ingction Fusl or Lss Fres Feaum Teajeciony
Engouta Reduce Vunerbify o Pk by Sysiom Relabity and Recurdancy
Mars Prewids Trans-Enn injction Fusd
and
shars Auckuce Vulnarabiisy o Falure by Symem Relianiny and Retundancy
dscont :
Dencent Aecuce Vulnerabilty 1o Fadun by Systen Relatlty and Redurdarcy
urfaca Proyicks Both Abort o Surtnee0vbi and Oplicns 1o e Commander
it o FAaduce Yuinarabilry o Falune by Sysieen Felabiey and Fadundancy
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The following principles were
identified o ensure crew safeby:

. Hultlp]u Ll o F!i,!r.il“l_"]
rechandancy with high reliabl-
ity and low maintenance
requirements

= Lapability for both the crew
Aand budl-in sysbens o moni-
Lo ancd r_':rttln._:ll all eritical fune-
tions during normal and con-
timgency operations withent
support from Earth

= (apability for the cres o
manually control and override
critical systermns

& DSwsbemn designs which alloay
Crew maintenance or repair

*  Svstem and consumabbe mar-
gins which reflect resupply
rales

The Synthesis Group established
mission abort principles for the archi-
lectures. Options were considered
tor each phase of the mission, While
it is understood that establishing
generic guidelines for abort strategy
is difficult at best, basic ]H:'il'u.i[.!lltﬁ ame
required to establish criteria for plan-
ming. The basis for all abort optons =
to reduce vulnerability to falure by
system reliability and ru.-q.il.mu.t.:]'u.j,.
and o provide FEm»::thIIW to Ehe mmis-
sion commander fo execiite an abort
mode if necessary (Table1).

Essential functions must be toler-
ant o multiple f@ilures and must be
restorable. System design recquires
that the first failure results in ne oper-
ational degradation: the second
leaves the system operational, but
possibly ina degraded mode; and the
third leaves it in a safe and restorahle
configuration. Thus, the third failure
is not catastrophic and the time to
restore Lthe function, at least bo oa
degraded operational mode, is leas
tham the time leading to an irre-
versible catastrophic condition.



Mission Opportunities

In order to understand the complexi-
ties of interplanetary spaceflight, cer-
fin ferms must be explamed, These
terms are:

Engine Specific Impulse: Expressed
in seconds, the engine thrust in
peunds divided by the propellant
How rate in pounds per sec

Thrust-to-Weight Ratio: The ratio
of the engine thrust to the engine
weight.

Delta-V: Transportation systems to
the Moon and Mars require a serics of
propulsive maneuvers which result in
a velocity change for the spacecraft.
This velocity change ks called delta-v,
exprissed inounits of velocity (km/s)
amd related to the amount of Energy,
and thus fuel, that a spacecraft re-
guires for & mission,

Dertial Mass in Low Earth Orbit:
The total mass, huel, transfer vehicke,
lander, etc. placed in low Farth orbit
to accomplish a spece mission

When Apolle crews went to the
Moon in the late 19605 and carly
19710s, they accomphshed the mission
i the folkwing phases:

*  Earth to orbdt
* Earth orbit operations
* Trans-lunar operations
* Lunar orhit operations
*  [hescent to surfaoe
= Surface opetations
*  Aecenl from surface
*  Lunar orbit operations
# Trans-Earth operations
* Earth entry

The total delta-V for the trip was

56 km/s from low Earth orbit 1o
lunar orbit and back. It took thres

davs to travel the 400,000 km from
the Earth to the Meoon.

The Earth orbits the Sun once
every 353.25 davs in a nearly ciroolar
orbit with a radius of 149.5 million
kilometers. The mean speed of the
Earth relative to the Sun i 30 km/s.
Mars, on the other hand, orbits the
Sun every 686.79 davs (1.88 Earth
years) in an elliptical orbit with an
eccentricity of (L1, Although the
migan distance from the Sun is 227 8
million kilometers, the ecoentricity of
the orbit results in a 20% diference in
distance from the Sun at the two
extremes of the orbit; the Mars orbital
speod vares betwesn 22 (o 26 ks,
Further complicating matters is the
fact that the orhital planes of Earth
and Mars are inclined relative to each
other at 1.9 degrees, rather than being

With the difference in orbital peri-
ods, “similar” launch opportunities
oocur only once every 26 months, A
similar launch opportunity is one in
which the planets have the same
heliocentric angular orientation, or
phase angle, relative o one another,
ds shanan in Figure 1, However, the
1"!‘!.‘11111'i1.'i|."!." in the Martian orhrt, come-
bined with the orbital speed differ-
ences between Earth and Mars, mean
that exact launch cycles repeat only
omoe overy 15 years. Even though the
same phase angle for a lwunch oppor-
tunity for a given mission occurs
every 26 months, the distances
between the planets and their relative
speeds are different, which lead to
different energy requirements and
trip fimes from one opportunity to
anoither,

The phases of the Mars mission
Fi o

* Farth toorbit

Earth orbit operations

Trans-Mars operations
* Mars orbit operations
Descent to surface

LS por ciog

EARTH-MARS
PHASING
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Figure 2

* Surface operations

Ascent from surface

Mars orbit operatons

Trans-Earth operations

Earth entry

The delta-¥ requirements for the
trip from low Earth orbit to Mars
orbit and back vary from approxi-
mately 8.2 km/s to 24 km /s, depend-
ing on the launch opportundty.

Mission Duration

Missions toe Mars fall into ome of e
classes: long duration missions (oon-
junction class} and short duration
missions (opposition class). A long
duratiom mrission trapectory tRverses
a heliocentric angle of about 180
dugrees -.11.|rin]|5 each orbital transfer,
with tangential departure and arrival,
as shown in Figure 2, The transfer
trajectory, known as a | lohmann
tramsfer, is the minimum energy
orbital transfer. This missioen dura-
tion is on the order of 1,000 days,
with a tvpical slay lime al: Mars c1f
approximately 5 -Jal,'b. The delta-V

requirements for lomg duration mini-
MM energy missions arc fairly con-
stant, varving only about 107 owver
the 15 vear cycle.

Short duration missions are on the
order of 500 days total frip time, with
a 3w 100 -.i.w slay al Mars, Unie of
the transfer 11.'1..';.'1 pither the outbound
of inbound, must have a doep space
propulsive maneuver. This maneu-
ver can be replaced with a Venus
awing-by, which is more efficient
from a propulsive eneTgy roquine-
mwnit, but requires thal Venus be in a
particular phase with both Earth and
Mars. The Venus swing-by uses
Venus's gravity to modify the trajec-
lory and shorten the trip time and
reduce the delta-W. Duse to @ combi-
nathon of the eccentricity and the incli-
matom of the Mars orbil, the delta-y
requirements for short duration mis-
sions can vary with launch date by as
much as a factor of tbwo. The best
short duration mission op Tribies
oocur in 2003 and 2008, The transter
Tegs of a typical short duration mis-
siomn are shown in Figure 3.

There are two major propulsion
options for the Mars missions: hemi-
cal and nuclear. Both options are
1_I:,1II||:I.!I"H.1 in ]Ti.B.LLI:'E 4 for the 2013
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Relative sonditions
at Earth departure

TYPICAL SHORT DURATION MISSION

- .

Relative conditions
at Mars departure

Relative conditions
at Mars arrival

Cumulative mission
duration = 281 days
with G0 days on Mars

Curmulabreg mission
durafion = 221 days

Relative conditions
al Earth arrisal

Cumulalive mission
duralion = 576 days

opportunity, Chemical systems have i propellant mass. Although nuclear Frqure 3
the advantage of |:-'4E'I.I.'I.;i.'I a well devel- thermal rocket luy]mulhgv WS

oped, [light-tested technology.  demonstrated in the 1960, it has not

Unfortunately, chemical systems are been flight fested

limited in performance, with large Launch costs are heavily IJI:'PI."T'I

propellant mass requirements in low  dent on the requined initial mass in

Earth orbit and majwr restrictions in low Earth orbit. Therefore, cost con-

launch opportunitics. Muclear sys-  straints tend to lead toward mission

berms, on thee ull1cr1‘mnd.j4mn1i:e]1igh comfiguralions with lower delta-V

performance with significant savings requirements, and correspondingly Figuwe 4

MARS MISSION COMPARISON

TFPICAL SHIWIC R, FROFA_ SO MAEata THPSCAL WAL A b L ST s Sy

:_ MEETT TR WSOk TRACD

AR P - TR s
FRLL) [
MU = e

:iu T L — e gy s

LA ETH LTSS

EEL S A L

Jan TR et el M
Triod Hizsza Il Do Tonsl Bismme: 876 [syn

4|




lower propellant masses and longer
tramsrt tumes,

Biomedical and psychological con-
cerns relative to the effects of pro-
longed zevo gravity, space radiation,
and confinement during Mars mis-
abois are strong incentives bo reduoce
Eransit tinmes.

Mission architectures represent
tradenffs between these competing
ConCerms. Separate missions are one
solustbon, in which different spacecrafi
are used for personnel and for cargn,
This alkows the lighter piloted vehicke
to make quicker trips with reasonable
delta-¥'s, while the heavier cargoe
viehicles travel a longer, lower energy
trajectory.

In order to assess potential archi-
tectures, several missions wene evahi-
ated for launch opportunitics from
2008 to 2022, The best and worst
opportunities for this Gme frame are
shown in Figures 5 and 6. Chemical
(475 seconds specific impulse) and
nuclear (925 soconds specitic impulse)
propuliion sources were considered
for both a long and short duration
mission. The long duration mission

conststed of approximately 400 davs
of round trip transit time with 600
days on the surface, while the short
durativn mssion consisbed of approe-
imately 460 dayvs rownd inp transit
v with 30 davs on the surface.
Figure 5 shows that chemical
propulsion sysbems require approxi-
mately 1, 100 or more metric tons in
low Earth orbit for long duration
missions ab the best opportunity.
Approximately 1,300 or more metric
tona are required for short duration
ridsssons for the best opporanitios, as
shonwn in Figure 6. These figunes also
show that muclear propulsion systems
reqquire approximately 500 or more
metric bons for long duration missions
and &0 or more metric tons for short
duration missions at the best opportu-
nities. In addition, for nuclear pro-
pulsion missions, round trip fimes for
long duration missions can be
reduced from 400 days to about 320
davs with only a modest increas in
1:I'I'll_lpt']|..il'||'. mass. Short duration mis-
sions with a 470 day round tdp tran-
sit can have either the trip time
reduced or the Mars surface stay

Figure 5
TRANSIT TIMES FOR MARS LONG DURATION MISSIONS
;m;:::mmm All Chemical Propulsion (specific impulse = 4758}
Filated and Cargo Missions V5.

imetric tons) Muclear Thermal Propulsion (specific impulse = 825s)
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100 150 200 250
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extended from 30 o 100 days at an
increase of 100 to 200 et ons in
the initial mass to low Earth orbsit due-
ing favorable vears

The total number of launches per
mission would be limited by the
meed to minimise on-orbat assembly
and at the same time meet available
launch windows, For example,
usj_ntl‘ a hc.ﬂ_tr}-' lift launch vehicle
with a 230 metric ton payload capac-
ity, and operating with a maximum
system linkup capability of three
launch modules, the ksl mass to
low Earth orbit needed for a total
trip wiould be limited to a maximum
of 750 metric tons. Volume con-
straints and spacecrafl design con-
siderations may apply additional
limitations, These types of practical
limits were considered m evaluating
potential missions,

Space Radiation

The space radiation environment out-
side the Earth's magnetosphere is
composed of two types of radiation
which present a potential health hae-

ard: galactic cosmic and solar flare
events,

The galactic cosmic radeation envi-
ronment is reasonably well known,
yet there are uncertainties with
respect o biokogical effects and relat-
ed risk assessment. The allowahble
annual radiation exposure for the
astromauts’ blood forming organs is
50 REM — a disser of radiation called
“Radiation Equivalent Man.” Thiring
the Mars transfer, the unshiclded
radiation dose rate will range
between 24 and 6} REM per year as a
function of the solar cycle (galactic
commic radiation is masinum during
solar minimumm). The expected galac-
tic cosmic radiation dose received by
an unshielded astronaut on a trip to
Mars is below the allowable amount
based on the annual 50 REM limit
adopted for Space Shuttle sstronauts.
Shielding to reduce the highly pene
trating salactic cosmic radiation is
impractical, due to the enormous
welght penalty that must be paid to
shield the entire spacecraff. Selective
materials integrated into the space
craft design, however, can recluce the

_III-,"IJ'r'I'

Total Misson Mass
im Low Earth Orhit

(metric tons)

Filoted and Cargo Misslons
Muchkear Thermal Fmpulsmn (specific u‘npulﬂe 9253}

MARS SHORT DURATION STAY MISSIONS

All Chamical Propulsson (specific impulse = 475s)
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radiation effects. Reducing the trip
fime is the best method to limit the
galactic cosmic adiation exposure bo
the crew, Once on Mars, the planct
and atmosphere provide adequate
protection,

Solar flare cvents may be incapaci-
tating or lethal for an unshielded
astronaul; however, the short dura-
Hon and the energy spectrum of solar
flares events (lower than the ETETRY
spectrum of galactic cosmic rays)
make radiation storm shelters an
effective countermeasure. The mass
penalty for shielding can be reduced
by using water for passive shielding,
The* excess water required will also
enhance safety by Eml.lqiinh a back-
up o water lu.r]:l urie Sysicms, A
radiation storm shelter with 14
gm/em? of water is eslimated o pro-
vide adequate shielding againsi
anomalously large solar flare events,
Solar maonitoring satellites and obser-
vations from Earth will enable long
range predictions of solar flare activi-
by for mission and extravehicular
activity planning purposas. Tn addi-
tiom, omboard radiation monitors will
provide real time warning to alert the
crew to sevk the shelter during an
event,

I.'liulngical experience gained [rom

ﬁeratumh in the lanar environiment,

mg with passive radiation shield-

ing and reduced trip times, should

provide adequate protection lo the
crew for the Mars missions,

Zero Gravity

The issue of mission duration is cen-
fral to the discussion of architectures.
Within the context af the proposed
exploration missions, there are sover-
al distimct gravitational emvironments.
Extensded stays on the lunar surface
will result in exposure to one-sixth
the Earth’s gravity. Mars missions
will entall exposure to zeto gravity
during the outbound leg, three-
eighths the Earth's gravity during
surface stavs of 30 to A00 days, and
zeto gravity during the return trip.
Human exposure to zero gravity
results in a deconditioning process,
which is related to the Hime spent in
the reduced gravitational field.

The existing knowledge base for
deconditioning from long term zero
gravity exposure comsists of Skylab
data, up to 84 days duration; and
Soviet Mir space station data, with up
to 366 davs duration. These expert-
ences, to be comfirmed with addition-
al research, indicate that with appro-
priate countermeasurnes, a crew can be
maintained in satisfactory condition
throughout long duration flights;
therefore, artificial gravity is not
incorporsted in the four anchitoctures,
It is expected that while crews are on
the Martian surface, the three-eighths
Earth's gravity will help maintain
their phivsiokysioal health,

It is necessary to fully understand
deconditioning, effects inonder to ensure



that Mars missions are conducted inoa
safe manner. The approach recom-
mended involves rews using a Mars
tramsfer vehicle orew compartment in
lunar orbit and then descending o the
lunar surface to provide simulation
for Mars missions, This would allow

rapid accumulation of adaptation
data, This simulation capability will
b usesd b develop and best effochive
counlermasams. Mars missions will
be designed to minimize, to the
degree possible, the time spent in
Ler gravity.

Astromaut Working i Zero Graviry

15



F I e journey o the Moon and
f'd.ir‘- will conzist of many dif-
ferent activities, both on plane-

tary surfaces and in orbital and

interplanetary flight. The common
architectural strategies are shown

bazlonsy

Common Architectural Strategies

Emphasize educational retum

* Involve the public in the adventure of exploration
* Provide for significant science return

and taciiitate benefits for commercial applications and

Encourage
for the industrial sactor

Lunar Surface Activities

Surtace activities af the Moon encomn-
pass the three primary components of
thie Initiative: scienoe and exploration,
human P:I'I.'!'\ll':l'lll w, .:rld SR Mesunoes.
In each activity, specific tasks, oquip-
mient and strategies are employved o
accomplish mission objoctives. Not all
activities are undertaken at onee; the
relative extent of each activiby is part-
Iy responsible for the diversity of
architectures.

The Moon is an important tatget
for scientific investigations, both as an
object of study and as a platiorm to
ok R ||!|.|,' uriverse, The Moon
has undergone a complex and pro-
tracted geologic evolution, including
the formation of & crust and mantle,
impact bombardment, flooding of the
surface by volcanic lavas and defor
mation of the crust |_-|-. I'E:Ii:hlru'lﬁ The
lumar soil (IEhL:III”‘I' conlains a four
billicn vear history of the output of
the Sun. The crabters of the Moon
record the variations in the impact
flux in the Earth-Moon svstem. The
complexity and richmess of the hinar
grologic record can be deaphered Lo
give us an unprecedented view of
the origin and evolution of the Earth-
Moon systerm.

With its low gravity, vacuum and
long nights, the Moon s an cxcellent
=ite from which ko observe the uni-
vierse, It i= a stable |'_:l|_.i|_l:f\-c|;|'m where
delicate astromomical instrumins can
be emplaced and operated to give
detailed views of our own and 11|;Ii_:.__r||1-
boring star systems, Moreover, the
observation instrments can scan the
entire electromagnetc specirum from
the lunar surface. Observatories on
the Moon will give us incomparable
views of the universe and Earth and
new insights into their origin and
evolution. For the first terme, it will be
P wsibhe o resolve the apparent disks
of individual stars and observe slar
spols; such resclution may also per-
mit imaging of other planetary sys-
temns. For extra-solar plancts, surface
features of rLI.[.\i.h.-'r‘-\I:.-"I_'\l,‘I planets can
be HHF']J‘HJ while full I.!lbk b‘PL'L‘I.T-:‘I ||t
Earth-like '|'||..'|TII."|“:\. can B obtained

The Moon is a source of both mate-
rials and energy for an emerging
space-based economy in the 215t cen-
tury. The lunar regolith contains
absorbed solar light gases (e.g.,
hydrogen) and indigenous OXYEen
that can be exctracted and oollected for
use a5 propellant and for fe support,
The regolith also serves as a source of
ceramics and metals for construction
on the Moon and in Earth-Moon
space; iron, ttanium and aluminum
are relatively abundant. Bulk soil can
serve as radiation shiclding for sur-
face habitats. Solar power is constant-
Iy available during the lunar daviime
(14 Earth 'd..‘l_'r"\.'. |"in.||]:ul. the rare iso-
tope Helium-3 is present in the hinar
si1il: this material may ultimately
posver lerrestrial fusaon reactors in the
next century, prowviding clean and
safe electrical encrgy.

The Moo is a [.'lI..'lI.'l." for |1'I:Ill'h'|.|'|.|.l}'
tor live and work in the: 215t century. It
15 a small planet with natural, re
duced (1/6) gravity; in total area, the
Moon is roughly equivalent to the
continent of Africa. The materials and
EI'IEI!'h:-. needed for |'|lu:|:|'|.|r| |'|.1|:'l1t.'|l.'|nl1
om the Moon are readily extractable
frommn surface matenals. The Moon is



enly three days from the Earth and
th near side has a constant and Py
chologically reasauring view of our
hevme plamet, It is a natural R sk
tion® orbiting planet Earth.

Lunar missions and preparations
are essential pricr to accomplishing
piloted missions to Mars, Without
flights to the Moon, more than 40
vears will hasno passed since the Lt
piloted mission beyvond low Earth
prbit. The Moon is relatively sooesss
ble and retumn to Earth is readily ac-
complished (as compared to a Mars
mission) il I:J]1E15H:|L'i1'n [ T T'nl_'
topography and environment of the
Moom are used o simulate Martian
conditions, As a part of this approach,
it is important to test and operate the
actual equipment and systems o be
used for the Mars mission. The only
way bo prove that equipment and sys-
fems are truly reliable is to test thir
functions and operate them over kong
perinds of lime in realisbic cnviron-
menls.

The Moxin '|‘-T“|'r'|.'i|.'i|."-'\. i h-uﬁ:'.!-; L]
romment of human performance to
ensure the safety of the crew, The
1ssue of human performance after
]ll-:'lL’I EXPOSUNE 10 FEHD gravity, and the
cffectiveness of countermesasures o
I.IJ']'IE'. lerim P T lir 200 ETay i_t}-_,
must be well understood before send
img crews to Mars, The degrec of
aatonomy required in systems and
cquipment is better assessed after
understanding crew adaptability to
a reduced graw il::-' enviromment.
Simulations of human slay time are
roquired between tme spent on the
lunar surface and in space-hased facil
ities, Human adaptation at the Moon
s mieasired atler -\.EJ'I‘Ih.IiII!.; sufficient
bme in reduced gravity. Crew mem-
bers adapt in facilities on the Moon,
pertorming tasks similar to those
required at Mars. These crew mem
beers also experience the paychological
efficts and isolation that are EXpeT
emcod by crews bravw ll.'"]ill'?:_ Ria ._|11|_|_ trom
Mars, Uperational concepts ane devel
oped to make best use of the systems
and crew on the planetary surfaces

This applies to rabotic and telerobobic
systems, as well as human activities,

Martian Surface Activities

The exploration of Mars involves sev-
eral scientific disciplines that deal
with the study of Martan CTIEIN, geo-
logical processes, and evolution. All
architectures envision a robust Mars
exploration program that consists of
complementary robobic and human
mission elements. The exploration
pregram is designed to give frst-
ordor answers 0 some of the most
mndamental queshons of F\-La_|_1,|=-1,.:||'_l..-
sClense,

Scientists are interested in the peo-
logical, climatological and biclogical
processes that now act or have acted
in the evolubion of Mars, Mars has a
-.'1I]'|'||.‘l|l:"i history, i |:1|l.'ing 'imp.;u:tf-:l
projectiles from space, internally gen-
erated magmas thalt both intrude the
crust and spill out on it (volcanismo,
tectomic forces that deform and  frac-
fure the J."']..'l.rll."l:'h surkace, and erosion
and LI!:J.H..I‘\.:ItiI."rI L:l:.' wind, water and
ice. Cieological processes that have
shaped all the terrestrial planets have
acled to one degree or another on
Mars.

Although Mars is currently cold
and has a very thin atmicsphere, it is
believed that condifions were much
mure Earth-like several billion vears
ago. Al that time, Mars apparently
had a thickesr, warmer atmosphere,
l'UJ'lllil'l!-_l waler, '\."'l':«.l i mere moderate
climate. Because these conditions
could have supported life, the search
for traces of former Markian lite (fos-
sils) is an important objective in the
exploration of Mars

For some reason, the b::ui.gn
Martian climale ]1.=r|!:||._'|_!_: the atmo-
:-.-].'Ii!I.c':I'L* thimnasd, femperatures ooled,
and the existing surface water either
sublimated into the atmosphere and
was subsequently lost to space, or
became frozen as ;,-:rmlnd ice, Why
this dramuatic L']'l.i.rl__-.;u* oocuTTed s one
of the major pucehs of Martian histo-
ry. Moreowver, it may be a cautionary

Americiim Explormtioe



tale for Earth-dwellers, since the
dynamics of global climate chamgge are
as poorly understood as they are lafie
threatening. With the concerns over
Farth's global warming and the long
berm effects of pollution on th envi-
ronment, the history of Mars holds
valuable insights that will assist in
understanding and improving the
Earih's evolving environment. Study-
ing Mars also helps in understanding
planetary processes and formation
and in understanding the history of
the Solar Svstem. The exploration of
this planet millions of miles from the
Earth complements the efforts of
Miszions o Planet Earth and could
hold a kev 1o understanding our own
plomet.

Surface Science Activities (100 days)
The arrival of humans om the surface
of Mars opens new vislas of scientific
accomplishment. Field studies be-
come possible wiwn human powers
of ohservation and thought are pre-
sent, both through the actual presence
of humans and by extersion through
telepresence, the projection of some
human powers of discernment and
ition through a machine.

L\%‘_‘h mission carmies a pressurized
Tover, giving the crews acoess to aneas
wikhin a 530 km radivs aof the landing
gite for the first fAight, increasing to a
100 km radiuzs in subsequent mis-
sions, Because they will have been
preceded by a robotic surface rover,
the erew's first lask is o thoroughly
charscterize the landing site environ-
ment within a radius of 2 k.

Detailed field studv of the geology
of this area i an ongoing task of the
crew members remaining behind
while cthers conducl rover traverses,
Experiments are perlormed on a
small acale 1o test the feasibility of
proclucing fuel from local resources
and to demonstrate the capability o
grrowy food in the habitat.

Traverses in the pressurized rover
are bo sites identified from orbital
imagery amnd the prior surface rover
reconnaissance. A crew of two or

three travels to examine key geologi-
cal aites, collect carefully controlled
samples, deplov instrument packages
and decipher and understand the
complex geelogy of the region adja-
cent to the landing site. Although
general routes are planned and major
fiedd sites identified in advance, the
unbque opportunity of human travel
over the Martian surface permits tra-
verse routes and plans bo be modificd
in real time. This capability is the cor-
nerstone of conducting true feld
exphoration, and the masimum possi-
T latitude for operational changes is
granted to the crows during the Mars
visit, In this way, significant discover
s are st likely o be made and, as
important, followed up with addi-
toman] Aeld waork,

As an example, a landing site
miight ke seleckad adjacent Lo certain
smwoth deposits contained within the
flocr of the Martian canyons; studies
have suggested that these deposits
represent ancient lake sediments. A
site TernmnAESAnOe orbiter docummienits
the geologie relations and contoxt ot
these deposits in some detail and a
pre-deploved surface rover obtains
data on their surface composition and
physical properties, including a search
tor outerops and other exposunes.

It 1= leff f0 the crosw o examine
these deposits amnd perform goologic
fickd work. This consasts of syslemali-
cally examining, measuring and sam-
pling exposed lake deposits, mapping
their extent and continuity, and
searching, the rock exposures for pos-
sible fossil remains. The field work
proceeds on both a contingency and
an Merabve basas. I the first case, the
crew's specifi field tasks are aclively
directed by significant findings in the
field; these decisions are made by the
lHeld e moresl ime. In the seoomnd
case, the crew has the ability to revisit,
re-ewaminge and re-sample previously
ﬂph:nru,ﬁ fre=lcd sabes, bodh b 51.1'|}'F'|E'-
menl new kl:ll_:-'-‘-‘ll.'l]ﬁlr! and Lo p:la-:e
data indo mew contexts derived from
the evolving conceptual framework.
Such work requires nsight and geo-



logacal experience and it constitutes a
major confribution by humans o
planetary exploration.

Surface Science Activilies (600 days)
Additional science opportunitics anre
presented by a long surface stay capa-
bility. Although the general character
of field exploration on a long-stay
mission s similar o that conducted
during a short stay, more thorough
field science of the selected site is
accomplished. Eeturn in planctary
science is directly proportional to
acoess, capability and time. A sagnifi-
cant increase in the amount of lme
available greatly increases the scienoe
reburn of the mission. Time is avail-
able to completely characterize the
area surrounding the landing site
within the traverse radius of the pres-
suriand rover. An important aspect of
vxtemded Lime on the surface 1= the
abily to revisit sites. Such activity is
very common in lerrestrial geology
and permits the feld testing ol
hypotheses that characlerize ad-
vanced geologic study.,

In order o take scientific advan-
tage of extended surface stavs, it is
necessary o be able 1o do some first-
order analyses of collected Martian
materials im the habitat. Thes small-
scale sample analysis laboratory is
able to make bulk chemical analyses,
rock examination under microscope
and compositional analvses of
volatiles, j.i'm.'lLI.di:|'|1._'I s and e, These
laboratory functions enable site revis
its toe have maximum effect, as Geld
grology requires laboratory work
interspersed with field collection.
'Cr_'.'ptir or sublle properties of the
samples hold Ei.gl:'i.i:l'jl.‘ulll: chue= o filmn
logical evolution, especially in the
fields of ancient environment necon
struction amd the search for fossl life

Ervironmental and meteorological
measurements assume jncreased
umportance during long stavs, as the
incresed surface e takes tHhe crew
through an entire Martian vear.
Seasonal variations are studied from
the surface in great detail; such

knowledge is also important in onder
k0 protect the crew from possible
detrimental environmental clfects
(e, dusst storms),

Difficult scientific problems, such
a% the search for fossil Life or unders
standing ancient climates, require
large amounts of time o gather data,
understand ficld relations and recom-
struct processes and |||h|'|:_1r}r. Such
problems are particularly amenable to
sludy during lomg duration missions.
While positive results from such an
investigalion cannot be assured, the
chances [or definilive answers are
much more likely 0 be derived from
extemded surface activities than from
short slays,

Science investigations on later mis-
sicms wwill ]ikf‘]:l.-‘ e L'|:1n'|"ir;11r|,'c| to take
advantage of the knowledge derived
from the initial visits and will carry
additional equipment or capability
diesigmed by increass the mformation
return of surface exploration. It is
urlikely that the general problems of
climate change and the origin of life
will be resolved durng the first visits.
These questions are deemed of great
significanoe and will probably receive
attention during any long range
exploration plan. To fully address all
thesses quiesticns, many sibes would have
by b wrisited, sites that span the range
of geological age and diversity evi-
dent on the planet’s surface. Such
access i achicved directly from Mar-
tian orhit, or from kong range surface
travel. The Baselined method of sur-
face travel offers the maximum flesi-
bility to the crew to modify explo-
ration plans in real Bme fo accommio-
date discoverss likely to be made as
the surface L:n}‘.lll,:lr.._:hu[l, O TR,

It is possible to greatly increase the
sciemoe return from Mars exploration
through the use of telepresence
robots. Such robots permit human
presence at many vared and separate
sites without the logpstic difficulties of
physically transporting cumbersome
lite-support svstems. [n this opera-
tional concept, multiple robots are
deploved at widely separated bocations

Nty Sure



on Mams. These robots are controlled
by human operators from a central
site either on Mars, near the landing
gite, or from Martian orbil. Exlersive
fiedd work is conducted, instruments
are deploved and samples are collect-
ed by these machines under human
comtrol, Samples and data are collect-
od at centralized locations for trans-
port to the Mars habatat for first-order
analysis and ullimately, o the Earth-
retumn spacecraft,

Orbital Activities

If the crew were unable o land and
were forced to remain in Martian
orbit, a vanety of scwenh e activities
would be possible, Orbatal science
roles for humans fall inko three
broad categories: operators of
instrument platforms, scientific
observers in orbit, and participants
in surface exploration by means of
robuotic telepresence.

Orbital instruments are an inte-
gral part of the global reconnais-
sance of any planetary body. Global
observations from orbit are largely
accomplished by robotic precursor
missions. Amn instrument platform
cold be built into an orbital vehicle
and operated in Mars orbit under
direct human supervision, but it has
ot been baselimed. This operation
involves instrument cveling, repair
and manual contingency operation.
The value of humans as instrument
operators was demonstrated during
Apollo lunar orbital operations,
again during the Skylab program
amd on numerous shuttle lights.

Direct visual observations from
orhit allw the crew to examine ter-
rain scleckively, identify Important
or critical elements and decipher or
unravel complex geological or mete-
orslogical phencmena in near real
time. Tha resolution of direct obser-
vation is partly altitude-dependent
and is augmented by optical devices
{e.g., telescopes), The key factor is
the human ability to synthesize dis-
parate data to ablain new geological
insight. As an example of how this

might happen, the famous vrange
soil discovered on the Moon by
Apallo 17 was Fittle maore than a geo-
logical oddity until the geobogest astro-
naut recognized regional deposits of
orange soil from orbit, Our under-
standing of the significance of bath the
samples and its regional extent
incroased greatly through this direct
observation from orbit; we now
know that orange soil represents a
major phase of volatile-rich lunar
volcanism in this region around
three billion wears ago. Thus, signifi-
cant clues to planetary geologic evo-
lution mav uncovered through
the use of human observations from
orbil. Depending upon orhital
parameters it might also be possible
to conduct scientific observations of
the Martian moons, Phobos and
Dheimios, as well,

The concept of telepresence de-
pends on nearly instantaneous re-
sponse betworn the human control
operator and the slave robotic system.
Orbiting viehicles maintain distances
of a few hundred kilometers from the
planet’s surface, permithing troe el
present operation of robots on Mars
bw human controllers in orbit. Thus,
orbiting crew menbers become active
participants in surface exploration.
These telepresent robots act in direct
cooperation with the surface coew, as
an extra member of the field party or
as an independent explorer, In the lat-
ter case, the nrb{ﬁ'mkﬁ periodic
returns to the surface lander to dis-
charge its cargo of collected samples
and stored data not directly transmat-
ted to orbit. This telepresence mode of
surface exploration not only greatly
extends human reach, by accessing
areas gither too distant or inacoessible
by the surface crews, but also pro-
vides a back up capability for surface
field work by putting human “pres-
ence’” om the surface, dbly wmder
conditions in which humans could
not effectively operate (e, abort con-
ditions, dust storms), This third bpe
of human activity from orbit greatly
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I:.' al tha Bars mission

Transportation

A heavy Tift launch vehicle is the basi
capability needed to support any
lunar aind Marban archibescbare, The
Apollo Saturm V Bunch vehicke bad a
it capability of 140 metric toms to
ko Earth orit. Thas provsded & very
comnsdraimesd ]'-!:-'-k'-hJ capabuaty o the
unar surface, The :'-|_1.,|._4_- _-'_'w.,plu,-.r.ljinr.
Indtiative archrbechimess TC RIS @ TOTe
robaask systemn. This has been prowvid-
ed for, in part, by having separate
cargo and piloted fights, The mass to
low Earth orbit nexpuirements range
tromm a oo of 190 metric bons
uipr b 250 mwetrie tons per launch. Vicee
President Quavle asked that we
inveshigate options (o :|;|:|_1:'_~'_}1I|_~_:|_1
America’s exploration goals faster,
cheaper, safer and better. This invest
Fivtion has led to the very clear con-
chaswon that to aclueve these :._.',-..kll":- Lhe
uftlization of a heavy lift lunch vehi-
clie hawving a « .'|'-.|'1i|'i|'. to laumch 250
metric fons to low Earth orbil is
roquined, The heavy lift launch wehi-
cle significantly affects the ahbility to
:rr|[:~||'n1r'—.r the architechures defined
All of the lunar and Mars architec-
tures have been baselined with such a
viehdole, This allovws the architechurnes
tor be clearly done faster, cheaper
saber and betber than with a less capa-
ble launch vehicle. They could be
done with a vehicle capable of only
1 3h mestric tons. However, more
launches amd assembly in Earth ocbit
would be required, all at odds with
the desired goal, A greater lift capaci-
f:.' wall recpuan: fewer launches o SLp-
poart any archalecture, and otfers mone
operational flexibility when launch
ing carge and piloted missions i the
SATTHS YL

The need for a new heavy lift
lavinch vebicle has paved the weay for
an imfusion of launch vehicle technol-
oy through the point MASA-Depart-
mient of Defense Matiomal Launch
System Program. Many improved

production and processing tech-

niques have been identified. These
improvements should be incorporat-
od in the q.'l.'-_'".ll.".’:'.l."|.='.1t"-."-. ]1-..-'.1\.:-\.- lift
launch vehicle. The lessons and thae
proven techmalogy of the past must
also be considered {e.g.. the liguid
oygen-kerosene F-1 engines used for
_L'|.|_-|_-|'_|_- Saturn ¥, Firsl -\-|.I!'.l\.'l | his
combination of propellants and
enoines offers oraat ]"l"\-l-&nl:.ll fisr the
first stage and boosters of a new
heavy lift launch vehicle, These
engines demonstrated a sea level
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thrust of 1.8 million pounds per
engine. Flight engines have a flawless
:I'I.'ﬂ.L:lrL.I |.|-'f ].l'l.'!I.'FI.Fr:l'l'lnﬂl:l.L'l.JI I'-:lr |.1l FI.lShl:ﬁ
wilh &5 l._'l'li._"i:l'n_e_-.. Th !:II:'HE'!I'I‘"..]I'IL‘\- alsy
offer the advantage of having less
explosive potential by a factor of six
than that of liquid oxyvgen-liguid
hydrogen. There are no environmsn-
tal issues associated with their C0;
and ||:ﬂ'|_'|-_1. |_.'|rl.‘:n_']1JL"L=~.1

In addition bk a heavy Lift launch
vehicle, all architectures require the
capability to dock elements of the
lunar amd Martian carge and piloted
virhiicles in bosy Earth orbil. Aulomali
docking of modules, a technique wki-
haeed |:'~_l. e Soaviets om a r-.JE.ﬁJ].lr'l‘a-l‘-L-'\..
is required. These operations pre-
clisde the necad for extensive exinme-
hicular activities in loaw Earth orbit to
|!|!'\-E\-I"I11I'|IIL" I.LI:I'.-‘.l:I' 1K f'..'1.1r|::|.111 |::I'd||!'|-t-l.":l'
'LI,.'rlil\_IL,'.\.*-.

Lunar Missions

A tvpical lunar mission begins with
the launch to low Earth orbit of a

Technical Strategies

* Develop a heavy lift
launch capability

* Limit on-orbit assembly

* Develop nuclear tech-
nologies

* Use the Moon as a test

bed in preparation for
Mars

* Lze common systems
and operations between
the Moon and Mars

* LUse a complementary
mix of human and robot-
ic resources

* Emphasize technologies
with terrestrial applica-
tions

cargo vehicle containing a habitat,
surtace power supply, tmloader, con
sumables and cxperiments. It is
launched on a heavy Lt launch vehi-
cle with the lunar transfer vehicle
imjecting the cargo into the trans-homar
phase. Upon lunar approach, the
lunar transter vehicle provides an
orbital propulsive capture maneuver
to place the carge and its lander into a
lunar orbit. The cargo is then placed
at a preselacted landing site with the
lander. Like the Apollo program, an
all-=chemical propulsion system is
wsed for lunar muissions.

lhe lunar carge mission is fol-
lowed by the piloted mission, con-
taining consumables and experi-
ments, as well a5 a rover. After launch
tor low Earth orbit, they ane injected
into a hunar trajectory by the lunar
transfer vehicke, identical to that used
for the cargo mission. A propulsive
mancuver places the vehicle in imar



orbit. A piloted lander provides a
propulsive desoent to the surface.

Upomn the completion of their stay
om the lunar surface, the cresw rehums
lo the lander for launch and ren-
disevoms with the lanar mansfer wehi-
cle, A propulsive maneuver is acoom-
plished to place the crew on a course
returning to Earth. The crew makes a
direct entry into the Earth’s almo-
sphore using an Apollo-lvpe come-
miand umduE. e g

Mars Missions

The typical Mars mission uses sopa
rate cargo and piloted flights. The
muclear thermal rocket is the selected
method of propulsion te reduce the
transit times and the exposure 1o zero
gravity, space radiation and mass o
losw Earth orbil. The firsk mission fo
Mars is @ cargo mission. This mission
requires three launches for final
assembly. Components of these three
launches are then assembled into a
Mars mission cargoe vehicle using
automated, on-orbil rendezvious and
docking procedures develdoged in the
lumar phase of the program. The acli-
vation of the nuclear engine propels
the vehicle out of Earth orbet amd om
its way b Mars. After reaching the
required velocity, the engine shuts off
and the vehicle comtinues its ourmey,
Mid-course propulsive corrections are
also required. As the vehicle ap-
proaches Mars, the nuclear engine
activates for insertion into bdars ardit.
The cargo lander is sent by the surface
in time to have the emplaced syshems
activated and checked outl before
launching the piloted mission.
The ].HlL‘lh-_:i velicle consisls of Hhe
cresw in the Earth-entry vehicle, along
with thoir Mars transfer vehicle, the
nuclear engine, inflight experiments
and consumables, The crew can be
lsumched in the Space Shuttle, a Space
Shuttle follow-on vehicle, or on a
heavy lift launch vehicle. After on-
orbit rendervous and docking, the
crew activates the nuclear thermal
rocket 1o initiate trans-Mars ingection.

The piloted vehicle carries comtingen-
cv trans-Earth injection fuel b permit
an abort from Mars orbit,

Wilth Mars orbital :‘a'l:'llurd_'iind rey-
dervous with the cargo vehicle come
plete, the crew descends in thear pilot-
e lamder to the surface of Mars, Alter
completion of their surface stav, they
ascend in their lander bo orbat, wsing
the same tEr:]'mi.r.'utw u=ed for the
lumar miissions= w rendersvous and
dock with the Mars transfer and
Earth-entry vehicles in orbit around
Mlars. 'T|'|.|.-'_l,-' then undock the vwehicke
and depart Mars orbit, The crew
makes a direct enkrv into the Earth's
atmwsphere after injecting the nucloar
stape indor solar orbit,

TRIASA, Tohresm Spao: Cenbes, Code XF mem-
orandum dabed Jamary 11, 190, “Trelimirany
Heawy Lifl Laumch Vichicle (HLLY) Baoquine
mamis for the Space Exploratbon Inliative.”
Morman T, Chaffee
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